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ABSTRACT 
 
 
Reconstructions of overturning circulation from IODP Sites covering 40-65 Ma indicate 
a fundamentally different overturning mode (referred to herein as the Paleogene mode) 
compared to the modern. Significantly different global climate and plate tectonic 
boundary conditions during this time interval likely contributed to the different mode of 
overturning circulation in which each major basin was characterized by distinct and 
restricted overturning circulations. The modern mode more closely resembles one large 
continuous Global Overturning Circulation. Here, new Nd isotope data from IODP Site 
U1438 spanning 27 Ma to the present are used to investigate the timing of the transition 
from the Paleogene mode to the modern mode. Site U1438 is situated at 4720 m water 
depth and is ideal to record relative contributions of deep-water masses from the North 
Pacific and those sourced from the Pacific sector of the Southern Ocean (e.g., Antarctic 
Bottom Water). The Nd isotopic record collected at U1438 reflects that the shift from the 
Paleogene mode to the modern mode occurred by 14 Ma, coinciding with the large shift 
in climate from a relatively warm world to a gradually cooling world that was 
established by the end of the MMCO. However, the data suggest that at least some part 
(e.g., 14.8 Ma) of the water mass composition recorded at Site U1438 may have been 
overprinted by other contributions of dissolved Nd. Given its proximity to 
contemporaneous volcanic inputs, it is likely that relatively labile volcaniclastic 
materials partially dissolving at the seafloor and within pore waters potentially affected 
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the εNd composition. This study highlights the need to thoroughly characterize the 
potential inputs of dissolved Nd to a given location before incorporating a new Nd 
isotope record into the reconstruction of global deep-water circulation. 
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NOMENCLATURE 
Elements 
Ca Calcium 
CO2 Carbon Dioxide 
Fe Iron 
Mg Magnesium 
Mn Manganese 
Nd Neodymium 
Pb Lead 
Re Rhenium 
REE Rare Earth Element 
Sm Samarium 
 
Chemicals 
HCl Hydrochloric Acid 
HF Hydrofluoric Acid 
HNO3 Nitric Acid 
HH Hydroxylamine Hydrochloride 
 
Units 
Da Dalton (1.66 x 10-27 kg) 
Ma Million Years Ago 
mbsf Meters Below Sea Floor 
ppm Parts Per Million 
m Microns 
L Microliter 
Sv Sverdrup 
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Water Masses 
AABW Antarctic Bottom Water 
AAIW Antarctic Intermediate Water 
ACC Antarctic Circumpolar Current 
CDW Circumpolar Deep Water 
IDW Indian Deep Water 
LCDW Lower Circumpolar Deep Water 
NADW North Atlantic Deep Water 
NPDW North Pacific Deep Water 
SPDW South Pacific Deep Water 
PDW Pacific Deep Water 
UCDW Upper Circumpolar Deep Water 
 
Other 
AMOC Atlantic Meridional Overturning Circulation 
CC Core Catcher 
CCD Carbonate Compensation Depth 
CHUR Chondritic Uniform Reservoir 
DSDP Deep Sea Drilling Project 
EAIS East Antarctic Ice Sheet 
GOC Global Overturning Circulation 
IODP International Ocean Discovery Program 
KPR Kyushu-Palau Ridge 
MMCO Mid-Miocene Climatic Optimum 
Milli-Q Ultrapure Water 
MOC Meridional Overturning Circulation 
ODP Ocean Drilling Program 
SST Sea Surface Temperature 
TIMS Thermal Ionization Mass Spectrometer 
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1. INTRODUCTION 
Today, it is unclear how continued warming will affect oceanic convection rates and 
heat transport. Model simulations predict a decrease in deep-water convection by up to 
50% based on the observed ~0.5ºC increase of global average sea surface temperatures 
over the past 135 years [Gregory et al., 2005; Park et al., 2014]. Changes in the rate of 
deep-water convection will likely affect global heat transport, a process that strongly 
influences transient climate change [Gregory, 2000]. A growing body of 
paleoceanographic data indicates that changes in global overturning circulation (GOC) 
have contributed to climate variations on decadal to multi-million year timescales. 
Looking at how changes in past global ocean circulation relate to Cenozoic cooling 
trends is crucial to understanding how continued warming will impact both convection 
rates and heat transport [Gregory et al., 2005; Hague et al., 2012; Sluijs et al., 2008; 
Thomas et al., 2014; Via et al., 2006; Zachos et al., 2008; Zika et al., 2015].  
 
During the Cenozoic, there have been different modes of deep-water circulation in the 
Pacific Ocean. Thomas et al. [2014] showed that a bipolar mode of convection existed in 
the Pacific that was independent of the Atlantic Meridional Overturning Circulation 
(AMOC). This mode resulted in each basin possessing its own distinct overturning 
circulation. The Paleogene mode, which occurred during the much warmer early 
Cenozoic, contained two distinct water masses (North Pacific Deep Water (NPDW) and 
South Pacific Deep Water (SPDW)) that were independent from the Atlantic, whereas 
the modern mode consists of one large continuous GOC ending in the Pacific. The exact 
  2 
timing of the shift between these two modes has yet to be determined; this prompts the 
question, when did the Paleogene mode cease and give way to modern GOC? This is a 
crucial question for paleoceanographic studies as it marks the point at which 
Circumpolar Deep Water (CDW) began to dominate the deepest basins and NPDW 
disappeared. 
 
Neodymium (Nd) isotopes of fossil fish teeth and debris [Thomas, 2004], Fe-Mn oxide 
coatings [Abbott et al., 2015; Abbott et al., 2016; Molina-Kescher et al., 2014; Xie et al., 
2012] and Fe-Mn crusts [Ling et al., 1997; van de Flierdt et al., 2004a] are robust tracers 
of water mass composition. Nd isotopic data collected from Ocean Drilling Program 
(ODP) Sites 1209 and 1211 indicate contributions from North Pacific deep-water (e.g., 
the Paleogene mode) began ~65 Ma, continued for ~20 Myr, and began to decrease by 
~45 Ma as the contribution from the North Pacific mixed with waters originating from 
the South Pacific. The shift from the Paleogene mode to the modern mode is thought to 
have occurred after ~30 Ma [Thomas et al., 2014], but the timing is not well-constrained.  
 
To answer the question of when deep ocean circulation switched modes, more Nd 
isotope records from the Pacific Ocean are required that cover the Neogene, particularly 
within the abyssal Northwest Pacific Ocean. In this study, a new Nd isotope record, 
derived from fish teeth/debris and authigenic Fe-Mn oxyhydroxides coatings, allows 
insight into the behavior of Nd at water mass boundaries within abyssal water during this 
time period (~27-0 Ma), allowing for a more comprehensive constraint on Pacific 
  3 
circulation. Located in the Northwest Pacific at a current water depth of 4720 m, Site 
U1438 is ideally situated to capture a record of the deep-water flux within the North 
Pacific (referred to here as NPDW; e.g., Hague et al. [2012] and Thomas et al. [2014]) 
and the record of deep-water sourced from the Pacific sector of the Southern Ocean 
SPDW from Thomas et al. [2014].  
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2. BACKGROUND 
2.1 Modern Thermohaline Circulation 
In the modern ocean, the GOC is characterized by the wind-driven sinking of cold, 
saline waters at high latitudes, which contributes a substantial amount to poleward heat 
transport [Talley, 2013]. The GOC collectively refers to the surface ventilated North 
Atlantic Deep Water (NADW), the diffusely formed Indian Deep Water (IDW), 
Antarctic Bottom Water (AABW), and Pacific Deep Water (PDW) (Fig. 1) [Talley, 
2013]. From the North Atlantic, GOC moves southward, upwelling in the Southern 
Ocean to form CDW. In the Weddell Sea and western Ross Sea, south of the Antarctic 
Circumpolar Current (ACC), NADW upwells where new water of the same density is 
produced and forms the Lower CDW (LCDW) – characterized by a salinity of >34.6 
ppm and a density (4) >45.86 kg m-3. Within the ACC and north of NADW, the less 
dense IDW and PDW upwell to create the Upper CDW (UCDW) which is identified by 
low oxygen, average salinity ~34.6 ppm, and an average density () of 27.65 kg m-3 
[Horikawa et al., 2011; Talley, 2013]. Along the shelf regions of Antarctica (Weddell 
Sea, the Ross Sea, and the Adelie Land Prydz Bay), sea ice formation and the resulting 
brine rejection produces dense water that sinks and forms AABW. Some of the highest 
density AABW is confined by Southern Ocean topographic sills and ridges but a vast 
majority, ~32 Sv (1 Sverdrup = 1 × 106 m3 s-1), escapes into the Weddell and Ross Seas 
before moving northward into the bottoms of the Atlantic, Indian, and Pacific oceans. As 
AABW and CDW travel northward into these three basins, they upwell and mix with 
IDW, PDW, and NADW near the subtropics and tropics. However, AABW does not 
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extend north of ~ 60S in the Pacific sector, as it is effectively blocked by the NE-SW 
oriented Pacific-Antarctic ridge (60S, 180W-140W) [Horikawa et al., 2011; Orsi et 
al., 1999]. Even so, the upwelled AABW is the sole source of PDW because there is no 
deep-water formation within the North Pacific [Broecker, 2010; Talley, 2013].  
 
 
Figure 1. Schematic of the modern overturning circulation. This schematic is from the 
perspective of the Southern Ocean from Talley [2013]. 
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2.2 Marine Geochemical Cycling of Neodymium  
143Nd is the daughter isotope of 147Sm which decays via α-decay and has a half-life of 
106 Gyr [Faure and Mensing, 2005]. These two elements are both incompatible leading 
to the preferential fractionation into a melt phase over a solid phase. Nd is slightly less 
compatible than Sm, thus Nd will preferentially migrate from the mantle to the crust 
during formation, causing crustal rocks to be enriched with Nd [Goldstein and 
Hemming, 2003]. Thus, the Sm/Nd ratio in the residual mantle increases over time, 
leading to a higher 143Nd/144Nd ratio [Faure and Mensing, 2005]. However, small 
variations in the 143Nd/144Nd ratio evolve over time, and to simplify the description of 
the variations, the 143Nd/144Nd ratio is interpreted as a deviation from the chondritic 
uniform reservoir (CHUR) model ([143Nd/144Nd]CHUR = 0.512638) in parts per ten 
thousand: 
εNd = ([143Nd/144Nd]0/[143Nd/144Nd]CHUR – 1)×10,000 
[DePaolo and Wasserburg, 1976; Faure and Mensing, 2005; Frank, 2002; Goldstein 
and Hemming, 2003; Goldstein and Jacobsen, 1987]. The εNd values of ancient samples 
are corrected for in-situ production of 143Nd from the decay of 147Sm post-incorporation 
into the sample, and these values are interpreted as εNd(t): 
εNd(t) = ([143Nd/144Nd]initial sample/[143Nd/144Nd]t CHUR – 1)×10,000 
where CHUR is the ratio at a given time t [Faure and Mensing, 2005]. Older continental 
rocks that are characterized by low concentrations of Sm evolve low 143Nd/144Nd 
concentrations, resulting in highly negative, nonradiogenic εNd values, whereas more 
recently mantle-derived rocks evolve higher Sm and 143Nd/144Nd concentrations leading 
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to more radiogenic εNd values [DePaolo and Wasserburg, 1976; Faure and Mensing, 
2005; Goldstein and Hemming, 2003; Goldstein and Jacobsen, 1987]. 
 
One of the major sources of dissolved Nd to the oceans is from fluvial inputs of 
weathered subaerially exposed rocks and soils [Elderfield and Greaves, 1982; Elderfield 
et al., 1988; Goldstein and Jacobsen, 1987; Halliday et al., 1992; Jones et al., 1994]. It 
has been shown that at least 90% of the Nd concentration that is delivered to the oceans 
is transported via colloids (particle size between 0.2 µm and 3000 Da) [Ingri et al., 
2000]. The distinct distribution of Nd isotopic values is determined by the source rock 
lithology and age in each ocean basin where an individual water mass forms [Jones et 
al., 1994]. Nd can also be released from resuspended sediments [Goldstein and O'Nions, 
1981] or the diagenesis of particles sourced from terrigenous input (riverine and eolian) 
[Elderfield and Sholkovitz, 1987]. Regional contributions of marine sediments are also a 
large contributor of Nd to the oceans, in the Pacific these benthic sources are believed to 
control much of the deep-water Nd distribution. The Nd signature is controlled by a 
combination of circulation pathways and the amount of time an individual water mass is 
exposed to sedimentary fluxes [Abbott et al., 2015]. Arsouze et al. [2009] concluded 
through different simulations that ~95% of the total dissolved Nd is sourced through 
sediment dissolution. 
2.3 Neodymium as a Water Mass Tracer 
The Nd isotopic composition of seawater is one of the most robust tracers of bottom 
water masses – acquiring and mostly conserving their isotopic signature from the source 
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region in which they sink [Elderfield and Greaves, 1982; Elderfield et al., 1988; 
Goldstein and Jacobsen, 1987]. Nd has a short oceanic residence time (~200–1000 yrs; 
e.g., Tachikawa et al. [1999]) compared to that of oceanic mixing rates (~1500 yrs) 
creating inter- and intra-basin variations in deep-water composition [Broecker et al., 
1960]. Each distinct water mass obtains its unique isotopic fingerprint of Nd from the 
continental input of the region in which it originates [Elderfield and Greaves, 1982; 
Elderfield et al., 1988; Goldstein and Hemming, 2003; Goldstein and Jacobsen, 1987]. 
Modern Pacific Ocean waters have the most radiogenic εNd values of ~0 to -4 [Piepgras 
and Jacobsen, 1988] representing an average fluvial input of -2.9 to -3.7 derived from 
the young arc terrains of Japan, the Philippines, and East Australia [Goldstein and 
Jacobsen, 1987]. Modern Southern Ocean waters (Antarctic Bottom Intermediate Water 
(AAIW) and AABW) have a less radiogenic signature of ~-8 to -9, which reflects the 
mixing between a nonradiogenic NADW (εNd = ~-12 to -13) and Pacific waters as they 
flow eastward through the Drake Passage as part of the CDW [Piepgras and Jacobsen, 
1988; Talley, 2013]. 
 
There are exceptions to the Nd conservative properties within a water mass that recently 
have been under discussion [Abbott et al., 2015; Abbott et al., 2016; Amakawa et al., 
2009; Lacan and Jeandel, 2004; Lacan and Jeandel, 2005; Lacan et al., 2012; Martin 
and Haley, 2000; Molina-Kescher et al., 2014; van de Flierdt et al., 2004b]. A 
discussion that has led to the defining of Nd behavior in proximity to continental 
margins where it has been shown to be released or absorbed in a process referred to as 
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boundary exchange [Lacan and Jeandel, 2005]. This process can significantly influence 
the seawater Nd isotopic composition and can represents up to 64% of the total dissolved 
Nd [Arsouze et al., 2009]. This non-conservative behavior presents a complication when 
using Nd as a water mass tracer, but there is confidence for most studies (e.g., Lambelet 
et al. [2016]) that Nd can indeed be used as a proxy for water masses [Frank, 2002].  
 
In addition to the regional differences between oceanic basins (i.e., Pacific vs. Southern 
oceans), records of Nd isotopic composition indicate differences between the North 
Pacific and the South Pacific waters. Despite well-defined intermediate, deep, and 
bottom waters, Nd depth profiles show that the North Pacific is far less stratified [Talley, 
1993] than the South Pacific, where surface waters are highly radiogenic (εNd = 0) and 
underlain by less radiogenic waters (εNd = -8 at 4500 m water depth) due to a greater 
influence from AABW [Amakawa et al., 2009; Carter et al., 2012; Schmitz, 1996; 
Thomas et al., 2014]. In the North Pacific, slow deep-water renewal stabilizes the 
vertical movement of Nd from the surface waters to the deep waters. As Nd descends 
from the surface waters it interacts with the CDW signal [Piepgras and Wasserburg, 
1982], resulting in well-mixed relatively radiogenic bottom waters even with the absence 
of convection [Broecker, 2010; Talley, 2003; 2013].  
 
Fossil fish teeth and debris (bones and scales; e.g., Staudigel et al. [1985]) record the Nd 
isotopic signature of the water mass at the sea floor post-deposition and therefore create 
a stratigraphic record of Nd at a given site [Thomas et al., 2014]. Fossil fish teeth are 
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advantageous for paleoceanographic investigation due to their high concentrations of Nd 
(100 to >1000 ppm) and their abundance within the world’s oceans. The 
hydroxyfluorapatite of fossil fish teeth is 3 to 6 orders of magnitude larger in Nd 
concentration than the hydroxyapatite of living fish teeth and therefore supports 
incorporation of Nd into teeth post-deposition [Martin and Haley, 2000]. Authigenic Fe-
Mn oxide coatings (e.g., coatings on sediment grains) incorporating seawater Nd reflect 
the isotopic composition of the ambient seawater in which they formed [Goldstein and 
Hemming, 2003]. This feature makes Fe-Mn oxide coatings a valuable proxy of Nd as 
they are readily available and allow high spatial and temporal coverage.  
 
However, special consideration must be taken in terms of which acid-reductive leaching 
technique is used to ensure the reagent attacks the correct fraction within the sample 
[Molina-Kescher et al., 2014; Xie et al., 2012]. Here, acetic acid was used to separate the 
metals bound to the carbonate fraction and then hydroxylamine hydrochloride (HH) was 
used to leach off the Fe- and Mn-oxide fraction. This study utilizes the Nd isotopic 
composition of fossil fish teeth and debris, Fe-Mn oxide coatings of the sediments, and 
detrital silicates (e.g., regional weathering inputs) to reconstruct the composition of the 
deep-water masses from the late Paleogene (~30 Ma) to the present.  
 
Studies of core-top (modern) fish teeth Nd isotopes from the North Pacific show that 
values do not appear to accurately record bottom water values in the western Pacific 
[Horikawa et al., 2011]. Horikawa et al. [2011] finds that while in both the Central 
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Pacific and Eastern Equatorial Pacific the core-top fish teeth records support the 
assumption that Nd is a reliable seawater proxy, this is not necessarily the case in the 
Northwestern Pacific. The data they present produces significant discrepancies to nearby 
bottom water, inferring that the fish teeth/debris is out of equilibrium with the bottom 
seawater. There are several possibilities that could cause such an effect, such as small 
offsets in location resulting in large variations in the εNd regional values [Amakawa et al., 
2004] and unfiltered seawater samples that could have contributed particulates capable 
of decreasing the measured values as much as ~1 εNd. They infer that even with the 
significant discrepancies the fossil fish teeth are in fact in equilibrium with the regional 
Pacific bottom water Nd isotopes [Horikawa et al., 2011].  
 
The geographic location of Site U1438 and the depth at which it resides (4.7 km mbsf) 
make it ideal for recording any changes in deep-water within the Northwestern Pacific. 
U1438 has gradually rotated northward from a position of about 5oN in the Eocene 
[Whittaker et al., 2007], such that it may have moved from approximately 15oN to its 
current position of 27oN over the past ~25 Ma. This gives the Site the potential to record 
the northern segment of Pacific deep-water during the Paleogene mode and any changes 
that occurred to deep-water (e.g., LCDW) during the remainder of the Neogene.  
2.4 Paleogene Overturning Circulation Mode 
The climate of the Early Paleogene (~65 to 45 Ma) is the most recent major greenhouse 
interval in Earth history, characterized by warmer mean global temperatures [Hollis et 
al., 2009; Zachos et al., 2008] and high atmospheric CO2 levels (>1500 ppm) [Gregory 
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et al., 2005; Zachos et al., 2008]. Sea surface temperatures (SSTs) of the Arctic (15-
18°C; e.g., Sluijs et al. [2006]) and tropics (28-32°C) in the Early Paleogene indicate that 
the equator-to-pole temperature gradient during this time was around half the modern 
gradient [Pearson et al., 2001]. Similarly, previous reconstructions show that gradients 
in deep-ocean temperature (8-15°C) and the equator-to-pole thermal gradient were 
weaker in the Paleogene than in the modern ocean [Hollis et al., 2009; Sluijs et al., 2008; 
Zachos et al., 2008; Zachos et al., 2001]. Previous reconstructions from DSDP, ODP, 
and IODP Sites using Nd records show a vastly different mode of circulation during the 
late Cretaceous and early Paleogene (~70 to 43 Ma) compared to the modern [Hague et 
al., 2012; Hollis et al., 2009; Sluijs et al., 2008; Thomas, 2004; 2005; Thomas et al., 
2014; Via et al., 2006], and that the shift from the Paleogene mode to the modern GOC 
coincided with the long term shift from a greenhouse to icehouse world, beginning with 
the onset of Oligocene glaciation (Oi-1, ~33.4 Ma) [Zachos et al., 2008]. 
 
Within the ancient (>30 Ma) Pacific Ocean, Nd isotopes suggest that a north-south 
geographic gradient existed. There were relatively radiogenic Nd values in the North 
Pacific (NPDW), nonradiogenic Nd values in the South Pacific (South Pacific Deep-
Water (SPDW)), and an intermediate range throughout the mid-latitudes towards the end 
of the Mesozoic and much of the early Cenozoic (~70 to 30 Ma) [Thomas et al., 2014]. 
This suggests that during this time distinct individual deep-water masses convected in 
each of the separate basins. Comparatively, in the modern mode of circulation, Pacific 
deep-water is only formed through diffusivity [Talley, 2013].  
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In the early Cenozoic, the North Atlantic basin was much more restricted than present. 
Deep-water formation in the North Atlantic was confined to a latitudinal band (50-60°N) 
during the early Paleogene, compared to 65-75°N in the Holocene [Saunders et al., 
2013]. The opening of the Norwegian and Greenland seas did not occur until the late 
Paleocene/early Eocene (~55 Ma). As a result, there was no deep-water formation in that 
area during the Paleocene. Additionally, the Tethyan and Panamanian seaways 
connected the Atlantic Ocean to the Pacific Ocean, while the Tasmanian Gateway and 
Drake Passage were not yet open to deep ocean currents [Frakes and Kemp, 1972; 
Keigwin, 1982; Ling et al., 1997; Scher and Martin, 2006]. The data demonstrate that 
Southern Ocean waters influenced most of the Pacific, except for the most northern 
locations, by ~40 Ma. As the Tasmanian Gateway and Drake Passage (~34 Ma) began to 
open, the connection between the Atlantic and Pacific increased [Scher and Martin, 
2006]. Even so, evidence supports the assertion that Pacific MOC maintained an 
individual circulation from the Atlantic MOC at least until that time [Abbott et al., 2016; 
Thomas et al., 2014]. Simulations show that optimal conditions for such a scenario are 
explained by intense vertical mixing, predominantly in the abyssal ocean (Fig. 2D, E) 
[Thomas et al., 2014]. Tidal mixing, internal wave interaction, and heat flow caused by a 
young and shallow seafloor during the late Cretaceous and early Paleogene help achieve 
such abyssal mixing [Thomas et al., 2014]. 
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Figure 2. Compilation of different simulations and mixing from Thomas et al. [2014]. (a) Warm 
simulation with normal mixing. (b) Very warm simulation with normal mixing. (c) Very warm 
simulation with moderate mixing. (d) Very warm simulation with strong abyssal mixing. (e) 
Very warm simulation with strong mixing. (f) Natural neighbor interpolation of the Pacific εNd(t) 
records. This data is plotted at its 60 Ma paleopositions and paleodepths (dots represent core 
paleopositions). In Figures 6a -6e, a transect through the paleo-Pacific of model derived-vertical 
and meridional velocity vectors (m/s) are overlain onto model-predicted εNd(t) values which are 
of the same geographic sampling as Figure 6f. All vertical velocities are multiplied by 1x104 for 
clarity. 
 
2.5 Neogene Climate 
During the Neogene (~23 to 2.6 Ma), global climate differed from the Paleogene, with 
global mean temperature gradually decreasing with a few interspersed warm periods 
[Lyle et al., 2008]. There are several events during this time that had a large effect on 
climate, such as the Mid-Miocene Climatic Optimum (MMCO, 17-14.7 Ma) [Holbourn 
et al., 2015; Shevenell et al., 2008], the formation of the East Antarctica Ice Sheet 
(EAIS, 13.8 Ma; e.g., Holbourn et al. [2014]), and the gradual closure of the Indo-
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Pacific Seaway (21 Ma; e.g., Woodruff and Savin [1989]) [Romine and Lombari, 1985]. 
These events led to the steepening of ocean temperature gradients and strengthening of 
the equator-to-pole thermal gradient [Herbert et al., 2016; Pound et al., 2012]. In the 
deep ocean, Lear et al. [2015] found that Neogene Pacific deep-water temperatures 
began cooling from 15.5 to 14.5 Ma based on benthic foraminiferal δ18O data. In the late 
Miocene (9-7 Ma), there are inferential changes (e.g., dietary changes of herbivorous 
mammalians) that show decreased CO2 in the atmosphere, which helped drive a vigorous 
global cooling period [Cerling et al., 1997; Lyle et al., 2008; Pagani et al., 1999]. There 
is also evidence that between ~7.2 to 5.3 Ma, accelerated cooling of the mid- to high-
latitude regions brought SSTs and continental temperature gradients to approximately 
their modern values [Herbert et al., 2016; Pound et al., 2012]. The absence of sustained 
enrichment from the marine benthic δ18O record infers that cooling during the late 
Miocene did not lead to a large permanent increase in continental ice volume or a 
decrease in deep-water temperature, suggesting that the polar regions or at least the areas 
of deep-water formation within the polar oceans were already extremely cold by 8 Ma 
[Herbert et al., 2016]. From ~5 to ~1.8 Ma, there is some controversy concerning global 
trends. Some records suggest that in the Pliocene (~4.5-3.2 Ma) there is an increase in 
mean global temperature, which marks the youngest example of when temperatures were 
warmer than they are in the modern [Seki et al., 2012]. However, others show that there 
was a cooling trend by ~4-6°C that occurred from 5 Ma to ~2.5 Ma, preceding the onset 
of large-amplitude cyclic glaciation in the late Pliocene [Lear et al., 2015]  
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2.6 Neogene Overturning Circulation and Establishment of the Modern Mode 
Compared to the Paleogene, reconstructions of Neogene circulation are relatively 
unconstrained. There are only a few studies that have attempted to understand the 
variations of Nd as the global mean temperatures gradually decreased from the Mid-
Miocene to the present [Horikawa et al., 2011; Ling et al., 1997; Martin and Haley, 
2000; van de Flierdt et al., 2004a]. One of the main factors affecting deep-water 
circulation in the Pacific during this time period was the shoaling of the Panama seaway 
(20 Ma to ~5-3 Ma) [Abouchami et al., 1997; Haug and Tiedemann, 1998]. This 
restriction cut off direct access of NADW to the Northern Pacific and made AABW the 
primary deep-water source, increasing the radiogenic signature of Pacific deep-water Nd 
[Keigwin, 1982; Ling et al., 1997]. Equatorial and Southwest Pacific deep-waters 
indicate that deep-water sourced from the Southern Ocean steadily increased over the 
Neogene [van de Flierdt et al., 2004a]. Comparison of ∆δ13C and Nd isotope data show 
an increase in vertical mixing within the Pacific water column between 14.3-13.6 Ma; 
coinciding with ocean-wide improvement in deep-water ventilation and strengthening of 
the MOC following a large ice-sheet expansion at ~13.8 Ma [Hodell and Venz-Curtis, 
2006; Holbourn et al., 2013]. Oxygen and carbon isotope comparisons from the Atlantic, 
Indian, Pacific, and Southern oceans demonstrate that the primary source of deep-water 
through the middle Miocene was the Southern Ocean, while NADW formation remained 
weak until ~12.5 Ma [Holbourn et al., 2013; Woodruff and Savin, 1989]. The closure of 
the eastern portal of the Tethys Ocean terminated a source of warm, saline water to the 
Pacific at ~15 Ma [Woodruff and Savin, 1989].  In the Atlantic, Nd isotope data indicates 
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that the onset of NADW did not occur until 10.6-7.3 Ma [Thomas and Via, 2007] 
coinciding with evidence of Southern Ocean sourced waters in the Caribbean up to 4.6 
Ma, followed by an increase in NADW formation and southward movement resulting 
from increased deep-water ventilation [Haug and Tiedemann, 1998]. By 4 Ma, records 
show that the deep-water of the Pacific Nd signature is less radiogenic than it was 
previously, which is a result of the increased contribution of NADW to AABW via the 
ACC [Ling et al., 1997; Martin and Haley, 2000].  
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3. SAMPLES AND METHODS 
3.1 IODP Site U1438 
IODP Site U1438 (Fig. 3, 4) is in the North Pacific Ocean (27.38351°N, 134.31837°E) 
at an abyssal water depth of 4720 m. Benthic foraminiferal paleodepth reconstructions 
[Arculus et al., 2015a] suggest that this site has remained >4000 m through the study 
interval (30 Ma to the present) and below the carbonate compensation depth (CCD) 
based on the Pacific-wide CCD reconstruction [Pälike et al., 2012]. The U1438 
sedimentary section spans the past ~50-60 Ma [Arculus et al., 2015b; Arculus et al., 
2015c]; the age model was constructed with magneto- and biostratigraphy (Fig. 4) 
[Arculus et al., 2015a]. The material for this study was taken from Cores U1438B-1H to 
26X (3 to 217.20 meters below sea floor (mbsf)). This material represents two lithologic 
units. Unit I (0-160.3 mbsf) is predominately terrigenous and volcaniclastic mud with 
discrete ash layers and intermittent biogenic ooze layers, and Unit II (160.3-217.20 
mbsf) consists of tuffaceous mudstone and fine sandstone that includes moderate to 
intense deformation. The sedimentation rate for the study interval fluctuated between 1-2 
cm/kyr from 0-78 mbsf, then decreased to <1 cm/kyr from 78-174 mbsf, before 
increasing to 2-4.3 cm/kyr at 174-217 mbsf (Fig. 4).    
 
  19 
 
Figure 3. Relevant Pacific Ocean sites in this study. Site 786 and Site 807 from Martin and 
Haley [2000] is at a 3000m water depth and is in the same region as Site U1438. Fe-Mn crust, 
D11-1 at 1800 m and CD29-2 at 2300 m from Ling et al. [1997]. Lastly, Fe-Mn crust, D137-01 
at 7200 m from van de Flierdt et al. [2004a]. LCDW (red arrows) travels northward maintaining 
a depth >4000 m, while NPDW (broken red arrow) travels southward across the equator in the 
eastern Pacific, from Horikawa et al. [2011]. 
 
 
Figure 4. Lithology, sedimentation rate (red squares) and age model (grey circles) based 
reconstruction of Site U1438. The study interval (0-217.20 mbsf) spans lithologic units I and II, 
the age model is based on magnetostratigraphic (shown here, grey circles) and biostratigraphic 
reconstructions [Arculus et al. 2015a]. 
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3.2 Analytical Methods 
The fossil fish teeth and debris collected from Site U1438 sediment samples were 
prepared using the general methods of Basak et al. [2011] and Xie et al. [2012]. To 
isolate the teeth and debris, bulk sediment was disaggregated and washed through a >63 
µm sieve. The sample retained on the sieve was dried overnight in an oven (50°C). For 
fish teeth/debris analysis, approximately 15-30 apatite specimens per sample were 
handpicked using a binocular microscope and fine brush. The fragments were then 
washed three times with ultrapure water (Milli-Q).  
 
For Fe-Mn oxyhydroxide coating analysis, bulk samples were dried overnight and were 
subsequently pulverized and homogenized with an agate mortar and pestle. These 
homogenized samples were de-carbonated for 2 h using sodium acetate buffered acetic 
acid solution that was “pre-cleaned” in cation exchange resin. The remaining material 
was washed three times with Milli-Q. To reduce the Fe-Mn phases, the oxide fraction 
was leached in 14 ml of a 0.02 M HH in 20% acetic acid buffered to a pH of 4. The 
samples with HH solution were placed on a rotary shaker and leached for 2 h. Once the 
samples were leached they were centrifuged, and the supernatant decanted into a 
separate clean tube and centrifuged for an additional 1 hour, then decanted and dried. 
The sample was then digested in concentrated HNO3 overnight and then placed in 2N 
HNO3 for column chemistry. The detrital silicate fraction was taken from the remaining 
material left behind after the supernatant was decanted. These were placed back in HH 
for 1.5 h and rinsed 3 times with Milli-Q before being placed for 4 h in HH. Once this 
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was completed the samples were rinsed 3 times with Milli-Q and dried down over night. 
The dried sample was homogenized and the material placed in 23 M HF for ~5 days 
until completely digested. The material was then dried down and placed in concentrated 
HNO3-HCL-HNO3 subsequently before finally being placed in 2N HNO3 for column 
chemistry. 
 
All samples (fish teeth/debris, Fe-Mn oxides, and detrital silicates) were then dissolved 
in 500 L of 2N HNO3. The rare earth elements (REE) were isolated using Tru Spec 
column chemistry (isolating the REE suite from the bulk sample) and the samples 
collected with 3 ml of 0.05N HNO3 in Teflon beakers and dried down. The samples were 
then dissolved in 200 L of 0.18N HCl and placed on a 100°C hotplate overnight. The 
Nd fraction was then isolated from the bulk REE via Ln Spec column chemistry by 
sequentially separating out the bulk REE. Once dried down, the remaining Nd portion 
was loaded onto a degassed rhenium (Re) filament (0.76 mm width, 25 m thickness) 
using 1 L of 2N HCl and analyzed on a Thermo Scientific Triton thermal ionization 
mass spectrometer as Nd+. The ion beams analyzed ranged from 1 to 10 x 10-11 A, 
depending on the amount of Nd loaded and geometry of the double filament assembly, 
which was not tightly controlled [Pin et al., 2014]. The method used was run in blocks 
of 16, each block cycled 8 times (collecting individual measurements), a background 
measurement was run every 2 blocks and the gain was recalibrated after every 5 blocks. 
External precision was 15 ppm (2) with a value of 0.512104 based upon analysis of 
JNdi standard through the course of the study. Samples were only used if the absolute 
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error was <10-6. Values higher than this were discarded, apart from 7HCC, 24XCC, and 
26XCC – even though the absolute error was >10-6 the εNd error (<0.5) of these samples 
were all within acceptable range. Several replicates were run to ensure reproducibility; 
these were chosen at random throughout the suite of samples. εNd(t) values were 
calculated using the numerical ship board age models [Arculus et al., 2015]. For the fish 
teeth/debris εNd(t) ratios a typical 147Sm/144Nd value of 0.131, which has been 
normalized to the bulk earth value and corrected for age (i.e., any in-situ decay of 147Sm 
once integrated into the biogenic apatite), was applied to all samples in order to correct 
for any post burial decay of 147Sm after Thomas et al. [2008] . A 147Sm/144Nd value of 
0.109 was used to determine the detrital εNd(t) values established from upper crustal 
average concentrations of Sm and Nd after Taylor and McLennan [1985]. Based on the 
average Fe-Mn crust values after Ling et al. [1997], a 147Sm/144Nd value of 0.115 was 
used for the oxide fraction εNd(t) values. 
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4. RESULTS 
The fish teeth/debris and Fe-Mn oxide data from Site U1438 are presented in Figure 5, 
Table 1, and Table 2. The record starts at 217.20 mbsf and is highly radiogenic at εNd(t) 
= -0.2, but is less radiogenic by 193.40 mbsf (-1.4). From 193.40 to 157.05 mbsf there is 
a shift to less radiogenic values by 2 εNd(t) units and this trend continues, shifting from 
εNd(t) = -3.4 to -4.9 at 111.97 mbsf. There are two excursions at 127.88 mbsf and 117.55 
mbsf, where εNd(t) = -3.5 and -2.6, respectively. The excursion at 117.55 represents a 
replicate and shows the intra-sample variability (all replicates are shown separately in 
Figure 5 and then the averages were used when comparing to regional data).  The record 
remains relatively constant from 111.97 mbsf to 83.59 mbsf at around εNd(t) = -4.6 to -
4.0. At 79.60 mbsf the record shifts to more radiogenic values (εNd(t) = -3.4), this trend 
continues until 32.10 mbsf with an excursion at 67.07 mbsf where εNd(t) = -2.6. At 22.60 
mbsf the values become less radiogenic (-4.5) and then steadily increase to the top of the 
sedimentary section (-3.7). The three detrital silicate analyses (Fig. 5, Table 3) were: 
148.96 mbsf with a εNd(t) value of -10.7; 127.88 mbsf with a εNd(t) of -3.3; 111.97 mbsf 
with a εNd(t) value of -11.   
 
Data from fish teeth/debris and Fe-Mn oxide coatings from the same samples (n = 5) 
were compared to determine how closely the two different phases record the seawater 
composition at the seafloor (Fig. 6). The comparison has an R2 value of 0.942, 
establishing that both types of data represent the Nd record at Site U1438.  
 
  24 
 
Figure 5. Fish teeth/debris, Fe-Mn oxide coatings, and Detrital εNd(t) values for Site U1438. The 
data is represented versus depth (m) below seafloor, error bars show the εNd error for each 
specific sample. 
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Figure 6. Fish teeth εNd values compared to Fe-Mn oxide coatings. 
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Table 1. Site U1438 Nd isotope data from fossil fish teeth/debris. 
Core Section 
Depth 
(mbsf) 
Age     
(Ma) 
143Nd/144Nd 
Std. Error 
(abs) 
εNd(t) 
1H 4 2.90 0.15 0.512447 0.000008 -3.7 ± 0.3 
3H 4 22.60 1.20 0.512405 0.000009 -4.5 ± 0.3 
4H 4 32.10 1.76 0.512445 0.000006 -3.8 ± 0.2 
4H CC 35.73 1.98 0.512443 0.000003 -3.7 ± 0.1 
5H 4 41.60 2.32 0.512458 0.000004 -3.5 ± 0.2 
5H CC 44.89 2.47 0.512444 0.000003 -3.8 ± 0.1 
7H 4 60.60 3.54 0.512451 0.000007 -3.6 ± 0.3 
7H CC 64.09 3.81 0.512469 0.000002 -3.3 ± 0.1 
        0.512491 0.000012 -2.8 ± 0.5 
8H 2 67.07 4.05 0.512503 0.000009 -2.6 ± 0.3 
8H 3 68.58 4.16 0.512444 0.000006 -3.7 ± 0.2 
9H 4 79.60 5.14 0.512461 0.000005 -3.4 ± 0.2 
10H 2 85.00 6.00 0.512411 0.000003 -4.4 ± 0.1 
11H 7 102.17 9.31 0.512416 0.000003 -4.3 ± 0.1 
12H 4 108.05 10.69 0.512417 0.000003 -4.2 ± 0.1 
12H CC 111.97 11.63 0.512384 0.000010 -4.9 ± 0.4 
13H 4 117.55 12.73 0.512502 0.000006 -2.6 ± 0.2 
        0.512398 0.000006 -4.6 ± 0.2 
13H CC 121.37 13.69 0.512385 0.000004 -4.8 ± 0.2 
15H 4 136.42 16.49 0.512417 0.000007 -4.2 ± 0.3 
15H CC 139.64 17.49 0.512415 0.000008 -4.2 ± 0.3 
        0.512416 0.000004 -4.2 ± 0.2 
16H CC 148.96 20.40 0.512427 0.000009 -4.0 ± 0.4 
17H 5 157.05 23.23 0.512456 0.000005 -3.4 ± 0.2 
24X CC 193.40 26.64 0.512553 0.000013 -1.4 ± 0.5 
26X CC 217.20 27.20 0.512615 0.000011 -0.2 ± 0.4 
 
 
 
 
 
  27 
Table 2. Site U1438 Nd isotope data from Fe-Mn oxyhydroxide coatings. 
Core Section 
Depth 
(mbsf) 
Age        
(Ma) 
143Nd/144Nd 
Std. Error 
(abs) 
εNd(t) 
1H CC 7.19 0.36 0.512430 0.000004 -4.1 ± 0.2 
5H CC 44.89 2.47 0.512443 0.000003 -3.8 ± 0.1 
9H CC 83.59 5.77 0.512431 0.000009 -4.0 ± 0.3 
      
 
0.512394 0.000005 -4.7 ± 0.2 
10H CC 91.12 7.06 0.512429 0.000004 -4.0 ± 0.2 
        0.512413 0.000002 -4.3 ± 0.1 
11H 7 102.17 9.31 0.512419 0.000004 -4.2 ± 0.1 
12H CC 111.97 11.63 0.512398 0.000002 -4.6 ± 0.1 
        0.512384 0.000003 -4.8 ± 0.1 
13H CC 121.37 13.69 0.512383 0.000002 -4.8 ± 0.1 
        0.512378 0.000003 -4.9 ± 0.1 
14H CC 127.88 14.84 0.512452 0.000002 -3.5 ± 0.1 
15H CC 139.64 17.49 0.512412 0.000004 -4.2 ± 0.2 
    0.512411 0.000003 -4.2 ± 0.1 
 
 
Table 3. Site U1438 Nd isotope data from detrital silicates. 
Core Section 
Depth 
(mbsf) 
Age        
(Ma) 
143Nd/144Nd 
Std. Error 
(abs) 
εNd(t) 
12H CC 111.97 11.63 0.512070 0.000016 -11.1 ± 0.6 
14H CC 127.88 14.84 0.512459 0.000004 -3.5 ± 0.1 
16H CC 148.96 20.40 0.512077 0.000011 -10.7 ± 0.4 
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5. DISCUSSION 
5.1 U1438 Nd Signature 
There are several factors that potentially influence the composition of dissolved Nd at 
the seafloor in the region of Site U1438. These factors include: (1) contributions of Nd 
from sediment sources at the seafloor, in the pore waters, or scavenged from surface 
waters and (2) water mass circulation changes. These need to be considered in order to 
understand the processes that influence the Nd changes in the U1438 record and if these 
variations reflect paleoceanographic changes.   
 
As previously stated boundary exchange, where Nd is either released or absorbed, can 
play a role in the εNd values in the region [Amakawa et al., 2009; Lacan and Jeandel, 
2005; Ling et al., 1997; Martin and Haley, 2000]. To a certain extent, the sources 
contributing to the Nd isotopic composition of deep-water masses are unknown 
[Rempfer et al., 2012]. The likelihood that the record at Site U1438 is being overprinted 
by labile sources of volcaniclastic Nd is dependent on how robust the seawater-sediment 
interaction was in the post-depositional environment. The dissolution of volcanic 
material from this labile source into the overlying water mass (e.g., NPDW and/or 
LCDW) potentially introduces additional Nd [Abbott et al., 2015], masking the true Nd 
isotopic signature and alternatively producing one that is highly radiogenic.  
 
The geographic location of Site U1438 is crucial in determining the origin of the bottom 
water Nd signature over the past ~27 Ma, as the site’s proximity to local volcanism 
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could make it vulnerable to overprinting. The Kyushu-Palau Ridge (KPR) intersection 
with the Daito Ridge has volcanic rocks of Eocene age that contain elevated light versus 
heavy REE ratios [Arculus et al., 2015b]. The unique geochemical characteristic at the 
KPR/Daito Ridge intersection is thought to be from its involvement of sub-Daito Ridge 
lithospheric mantle or subarc crust that was metasomatized by a Cretaceous subduction 
event [Arculus et al., 2015b; Brandl et al., 2017]. The cessation of KPR volcanism was 
~25 Ma, followed by the beginning of back-arc spreading of the Shikoku and Parece 
Vela Basins (i.e., volcanism moved east of the KPR) [Ishizuka et al., 2011]. 
 
Oceanic pore fluid profiles indicate that a large portion of Nd to the oceans, which is 
unaccounted for, could be a benthic flux of Nd from sedimentary pore fluids [Abbott et 
al., 2015]. Site U1438 is in a prime location to have long exposure times to a benthic 
flux due to slow deep-water renewal in the North Pacific. Abbott et al. [2015] shows that 
marine sediments are the dominant benthic source of Nd to the oceans and that the εNd of 
deep-water within the Pacific basin is controlled largely by this benthic source. Having a 
long exposure time to a benthic flux (e.g., volcanic material) can alter the εNd of the 
bottom water, a possible cause for the higher radiogenic record at Site U1438 from 27.20 
to 16.49 Ma. Arculus et al. [2015a] shows that Ca and Mg at U1438 exhibited opposite 
trends from 3 to 298 mbsf, where Ca increased linearly at a high rate while Mg 
concentrations decreased linearly over the same depth. This synchronous increase in Ca 
and decrease in Mg is attributed to the diagenesis of volcaniclastic sediments [Arculus et 
al., 2015a].  The observed trend is contrary to many cases where there is not an increase 
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in concentration after burial due to the limited amount of REE within the pore waters 
[Staudigel et al., 1985]. For example, Molina-Kescher et al. [2014] found that “boundary 
exchange” does not necessarily play a significant role in the bottom water Nd isotope 
composition of certain regions (e.g., the western South Pacific).  
 
A way to determine the role of pore water and particle contribution of εNd to the bottom 
water (i.e., the legitimacy of the water mass εNd(t) signature in fish/debris and Fe-Mn 
oxide coatings) at a given location is to analyze the detrital silicate component. For 
locations near land, the detrital component will most likely represent the regional 
weathering inputs delivered to the surface at that location. Since this is the case and the 
Nd isotopic composition of terrigenous inputs is analogous to the oceanic surface waters 
[Goldstein and Jacobsen, 1987], the resulting detrital value can be compared to the value 
recorded by fish debris. The detrital silicate component at Site U1438 shows large 
variation in the three samples that were analyzed. The extreme shift at 127.88 mbsf 
(14.84 Ma) to a highly radiogenic value compared to the other two other silicate samples 
can potentially be explained by the large amount of volcaniclastic material mixed in with 
detrital silicates (mainly composed of volcanic material; e.g., pyroclastics) found within 
that sample (Fig. 7). The remaining two silicate records reflect an extremely 
unradiogenic signal when compared to the fish teeth/debris and oxide coatings. With the 
difference between the detrital silicates and the fish teeth/debris and Fe-Mn oxide 
coatings it is evident that the fish teeth/debris and coatings are most likely reflecting a 
signal that has not been influenced by any local dissolved Nd inputs apart from an outlier  
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at 12.73 Ma that has potentially been overprinted by the volcanic content of the detrital 
fraction. 
 
Site 786A and Site 807A are in the North Pacific (Fig. 8), like Site U1438, and were 
cored near the Izu-Bonin-Mariana Arc with sediments made up primarily of nannofossil 
marls and clays with persistent volcanogenic material throughout [Martin and Haley, 
2000]. Martin and Haley [2000] suggest that the values recorded at 786A by the fish 
teeth reflect a unique water mass composition. Although the fish teeth records from 
786A and 807A at times are slightly higher than the Fe-Mn crust data, an opposite trend 
to what is expected based on water depths since these sites are from a greater modern 
depth, if they were not overprinted the Nd values should be slightly less radiogenic 
[Martin and Haley, 2000; Piepgras and Wasserburg, 1987]. The slightly higher 
radiogenic Nd values from the fish teeth infers that there is influence from a local source 
of dissolved Nd. Martin and Haley [2000] say the signature is sourced from the 
underlying volcaniclastic sediment and basaltic basement. The fish teeth are 
subsequently recording the signature of the fluids released by dissolution of labile 
volcanic material into the local bottom water at the time of deposition. They also point 
out that radiogenic values could be caused by alteration as a consequence of pore water 
exposure during burial and the diagenesis of local volcanic material [Martin and Haley, 
2000]. As seen at 786A and 807A, at U1438 the record is consistently more radiogenic 
prior to 13.69 Ma than both the Fe-Mn crusts records from D11-1 and CD29-2. Bearing 
in mind the lithology of this interval (~23.5 Ma, Fig 8) and the overall trends of Ca and 
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Mg, it is very possible that the volcaniclastic mud, tuffaceous mud, and ash layers 
contributed additional Nd to the surrounding bottom waters, thereby driving the more 
radiogenic signature in the U1438 fish teeth record. 
 
Similarities between Sites 786A and U1438 support the idea that there was a potential 
influence from volcanic material prior to ~14 Ma because the patterns are consistent; 
once the volcanism ceases and the lithology changes from tuffaceous material to 
volcaniclastic material their values decrease (they are extremely radiogenic prior to this 
shift) to reflect similar records to other regional data. At U1438, the upper portion of the 
record (i.e., 14-0 Ma) shows that once the prolific phase of volcanic activity began to 
decrease the record indicates a lower contribution of radiogenic Nd. However, the 
background volcanism, as the Shikoku and Parece Vela Basins opened during the 
Neogene, produce a strong potential to influence the concentrations of radiogenic Nd 
within the sediment. This potential is evident in the records of U1438, 786A, and 807A 
since they all have several instances that are extremely more radiogenic than the other 
contemporaneous records. 
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Figure 7. Site U1438 – 14HCC (127.88 mbsf). Note the abundance of volcaniclastic material 
(see red arrows) in the field of view. Image taken from a dissecting microscope X10 
magnification. 
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Figure 8. Compilation of new data (Site U1438) and existing data. From Ling et al. 
[1997], crust CD29-2, D11-1; from Martin and Haley [2000], Site 786A and 807A; and 
from van de Flierdt et al. [2004a], crust D137-01. The relevant climatic and geologic 
events are overlaid for context. The lower section of U1438 that is thought to be 
overprinted is indicated by solid brown circles with the data point beyond the continued 
overprinting indicated by a red arrow.  The lithological representation is of the U1438 
change in lithology at 160.3 mbsf. 0-160.3 mbsf is terrigenous and volcaniclastic mud with 
ash layers throughout and 160.3-257.13 mbsf consist of tuffaceous mudstone and fine 
sandstone. The map shows the present geographic location of each record.  
U1438 (4.7 km)
786 (3.0 km)
D11-1 (1.8 km)
807 (2.8 km) CD29-2 (2.3 km)
D137-01 (7.2 km) 
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5.2 Regional Comparison 
Previously published data from the region spanning a similar time interval to the new 
U1438 record include a compilation of both fish teeth (Sites 786A and 807A) and Fe-Mn 
crust (D11-1, CD29-2, and D137-01) Nd records (Fig. 8). These North Pacific sites 
situated at intermediate- and deep-water depths exhibit relatively higher radiogenic 
values over the past 27 Ma, with averages from -4 to -3. Additionally, DC137-01 in the 
Equatorial Pacific is the most impacted by CDW today, and shows the least radiogenic 
values over the last 27 Ma ranging from -6.5 to -5.5 [van de Flierdt et al., 2004a]. 
 
Once the record seems to show a relative decrease in overprinting there is a large peak 
(e.g., -3.6 at 12.73 Ma; Fig. 8 red arrow) that may have resulted from the dispersed ash 
layers and disseminated ash (caused by bioturbation of pre-existing layers, the settling of 
air-born ash, spreading from subaqueous eruptions, and other mechanisms; e.g., Scudder 
et al. [2016]); although, this outlier does not affect the overall trend from 14-0 Ma. 
Based on the large separation between the recorded ash layers (samples for this study 
avoid any ash layers; Fig. 9) [Arculus et al., 2015a] and the excursions seen within in the 
record it is likely that disseminated ash had a larger role in the record after ~14 Ma. 
 
Site U1438 and D11-1 (Fig. 8) become slightly more radiogenic producing a small peak 
around 7 Ma and then fall back to less radiogenic before they shift to even more 
radiogenic values by ~1 epsilon unit, maintaining this trend into the present. This shift is 
a potential result of the initial restriction and ultimately the final closure to the 
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Panamanian seaway deep-water passage, restricting the influence of NADW (εNd = ~-
13) to the deep-water of the northern Pacific and directly influencing the εNd values, 
causing them to become more radiogenic [Keigwin, 1982; Ling et al., 1997]. The Fe-Mn 
crust record at D137-01, the southernmost record located in the equatorial Pacific is 
extremely remote making it very unlikely bottom water at this location is influenced by 
any erosional inputs from volcanism or continental influences, shows the enhanced 
CDW flux since ~14 Ma from the Southern Ocean reflecting the mixture of AABW (εNd 
= ~-9; e.g., Stichel et al. [2012]) and equatorial Pacific deep-water [van de Flierdt et al., 
2004]. 
 
With the Nd intermediate and deep-water signal relatively constrained by these sites, the 
signal at Site U1438 supports that deep-water in the Northwestern Pacific switched from 
NPDW to being bathed predominately in LCDW by at least 14 Ma. From 14 Ma to ~4 
Ma the εNd(t) signal at U1438 remains slightly less radiogenic than the other regional 
records, but more radiogenic than the Central Pacific record (D137-01), indicating 
continued coverage of LCDW through this time. Climatic changes and tectonic changes 
(e.g., closure of the Panama Seaway and restriction of the Indonesian Throughflow) 
affecting water mass circulation also have to be considered as possible influences to the 
Nd signature at Site U1438. Based on Thomas [2004] who showed that in general as the 
δ18O signature (lower δ18O indicates warmer temperatures) increased the εNd(t) values 
became less radiogenic. The Nd regional deep-water variations through time as the 
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Miocene progressed could very well be caused by the beginning of the observed global 
cooling trend. Although evidence of volcanic activity before 14 Ma could indicate that 
the record may be overprinted, the more radiogenic Nd values from 27.20 to 13.69 Ma 
could also be consistent with an increase in the amount of the more radiogenic NDPW 
(e.g., the Paleogene mode), directly coinciding with the warmer climate of the early 
Miocene. The shift seen at Site 786A at ~15 Ma, where the record becomes less 
radiogenic, does support this interpretation at Site U1438, although the authors do not 
directly mention a change in water mass coverage [Martin and Haley, 2000] Once the 
MMCO ceases and the overall gradual decrease in global temperatures begins the Nd 
record shifts to less radiogenic (e.g., ~0 to ~-4) by ~14 Ma, and becomes completely 
bathed in LCDW (e.g., the modern mode). This could possibly be caused by the cooling 
of Pacific bottom water, as well as increased equator-to-pole thermal and temperature 
gradients caused by the decreasing temperatures. It is possible that these decreasing 
temperatures along with the gradual closure of the Panama seaway resulted in a more 
vigorous CDW formation due to increased sea ice formation (i.e., increased brine 
rejection) in the Antarctic and an increase in CDW pushing further northward [Holbourn 
et al., 2013; Lear et al., 2015; van de Flierdt et al., 2004a], aiding in the observed shift 
from the Paleogene mode to the modern mode at ~14 Ma. While the final closure of the 
seaway and the increasing influence of NADW to AABW is seen around 4 Ma when the 
record shift slightly back to -3 coinciding with the Pliocene warming period (the last 
recorded period, where temperatures are warmer than the modern) [Seki et al., 2012].  
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Site 807A in Northwestern Pacific agrees with Site 786A in the earlier portion of the 
record (0-13.1 Ma), indicating a decreasing trend to modern εNd values as the volcanic 
material becomes less abundant [Martin and Haley, 2000]. Both records along with 
U1438 remain relatively constant after they settle at ~-4 from ~13-14 Ma until ~5 Ma. 
The inferred increased temperatures of the Pliocene (~5 Ma) coincides with the 
radiogenic εNd(t) increase at Site U1438 from -4.4 to -3.4 before hitting a peak at ~4 Ma 
(εNd(t) = -2.6), and a notable increase in the Nd record at 807A (-3.16 to -2.5). The Nd 
signature at U1438 and 786A as well as the temperature decreases again with the onset 
of Northern Hemispheric Glaciation. With the climate variations so closely mirroring the 
Nd isotopic flux at U1438, it is plausible that with the changes from warm to cold 
temperatures there is also a shift in deep-water sources (e.g., Pacific northern high 
latitudes during warming periods and Southern Ocean sourced deep-water during 
cooling periods) [Thomas, 2004].  
 
At 4 Ma the εNd(t) values shift to less radiogenic implying a stronger NADW influence 
on the Southern Ocean sourced LCDW, a shift that is also reflected in the Fe-Mn crust 
records of CD29-2, Sites 786A, and 807A. The regional records including Site U1438 
support a southern sourced deep-water mass, while U1438 demonstrates the expected 
deviation from other the Fe-Mn crust records by remaining less radiogenic, unlike 786A 
and 807A, inferring that U1438 has less overprinting of its Nd signature from local input 
and is recording an accurate CDW signature. 
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Overall, present-day distribution and time-series data show variations in the Nd isotope 
values of deep and bottom water are smaller than latitudinal or vertical differences, 
which maintains that the Pacific Ocean circulation has been similar back to the 
Oligocene [Frank, 2002; Talley, 2013; van de Flierdt et al., 2004a]. However, Horikawa 
et al. [2011] showed that the behavior of Nd throughout different regions of the Pacific 
varied drastically based on local sources of Nd. This is evident from the previous data as 
well as U1438, since the fish teeth differ from regional Fe-Mn crust Nd signatures.  
 
 
Figure 9. The εNd(t) values of Sites U1438 and 786A from Kender et al. [in review]. This is 
compared with the North Pacific intermediate water average (highlighted in grey). Also shown 
are ash layers. Also, it is important to note none of the samples from U1438 were taken directly 
from ash layers. 
 
  40 
5.3 Site U1438 Global Implications  
Within the Site U1438 Nd record the paleoceanographic signal indicates that between 
~27-14 Ma the Northwest Pacific was bathed in NPDW as opposed to ~14-0 Ma where 
it is bathed in CDW, although there is a strong possibility for water mass overprinting in 
several sectors (e.g., >14 Ma). The Nd record at U1438 shows that CDW began to bathe 
the region as the deep-water of the Northern Pacific cooled and the formation of NDPW 
weakened.  The amount of CDW to U1438 increases after 14 Ma, which implies that the 
formation of CDW in the Southern Ocean increased due to global temperatures 
decreasing resulting in an increase of oceanic gradients forcing CDW northward 
[Herbert et al., 2016; Pound et al., 2012]. Additionally, the final decrease of NPDW at 
U1438 is supported by the Indo-Pacific Seaway closure, while the increase of CDW is 
supported by the formation of the EAIS causing increased ventilation that resulted in a 
strong MOC within the Pacific contributing to the northward movement of CDW 
[Hodell and Venz-Curtis, 2006; Holbourn et al., 2013; Holbourn et al., 2014; Romine 
and Lombari, 1985; Woodruff and Savin, 1989]. U1438 shows an increase to the 
radiogenic signature of Nd within the Pacific deep-water as the influence of NADW to 
the Pacific steadily decreased with the gradual closure of the Panama Seaway beginning 
at 20 Ma [Abouchami et al., 1997; Haug and Tiedemann, 1998]. As global temperatures 
cooled and U1438 becomes fully bathed by CDW the formation of NADW within the 
Atlantic became more vigorous forcing the water mass southward to be mixed with 
AABW [Haug and Tiedemann, 1998]. U1438 and 786A seemingly shift to a less 
radiogenic Nd signature as NADW is introduced back into the Pacific by mixing with 
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AABW. The change from the Paleogene mode to the modern mode, as determined by 
the record at U1438, appears completed by 14 Ma, coinciding with the end of the 
MMCO and the overall global cooling trends within the Neogene. Once the modern 
mode of circulation begins to influence the Pacific U1438 remains bathed in CDW into 
the present. 
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6. CONCLUSION 
The goal of this study was to reconstruct deep-water circulation within the North Pacific 
to help determine when the mode of circulation switched between the Paleogene mode 
and the modern mode. IODP Site U1438, located in the Northwestern Pacific, created 
the opportunity to constrain this shift. U1438 had two potential aspects that influenced 
the Nd record during the Neogene, the local volcanism and the change in water mass 
circulation patterns. Prior to 14 Ma, much of the record is seemingly affected by the 
local volcanism as it shows an extremely radiogenic Nd signature that is much higher 
than regional Fe-Mn crust records. Although, the signature helped in determining that 
NPDW did bathe the deep-water site during this time it does not truly represent a 
paleoceanographic signal. While after 14 Ma the Nd record drops to a less radiogenic 
signature compared to the Fe-Mn records and more closely resembles the signature of 
the southern sourced LCDW. The tectonic activity (e.g., the closure of the Panama 
Seaway) and the climatic cooling that occurred during the Neogene contributed a large 
amount to introducing LCDW to the Northern Pacific. Additionally, the formation of the 
EAIS increased the amount of LCDW being pushed northward and the onset of Northern 
Hemispheric glaciation aided in pushing NADW southward to CDW, ultimately forming 
the modern GOC. 
 
The Nd isotopic record collected at U1438 showed that the change between the 
Paleogene mode to the modern mode occurred by 14 Ma, coinciding with the large shift 
in climate from a relatively warm world to a gradually cooling world that was 
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established by the end of the MMCO, also supported by trends observed at Site 786. 
Even though the switch between the Paleogene mode and modern mode of circulation is 
clearly evident from Site U1438, the contribution of additional sources of Nd is 
something that must not be ignored. There was clear overprinting on the lower portion of 
the record, as the Fe-Mn crust are far less radiogenic than U1438 (e.g., >14 Ma), from 
local volcanic activity that masked the true paleoceanographic signal. This must be 
considered when adding new Nd circulation reconstructions to the overall global 
circulation reconstruction.  
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